The success rate of diagnostic polymerase chain reaction (PCR) analysis is lowered by inhibitory substances present in the samples. Recently, we showed that tolerance to PCR inhibitors in crime scene saliva stains can be improved by replacing the standard DNA polymerase AmpliTaq Gold with alternative DNA polymerase-buffer systems (Hedman et al., BioTechniques 47 (2009) 951-958). Here we show that blending inhibitor-resistant DNA polymerase-buffer systems further increases the success rate of PCR for various types of real crime scene samples showing inhibition. For 34 of 42 ''inhibited" crime scene stains, the DNA profile quality was significantly improved using a DNA polymerase blend of ExTaq Hot Start and PicoMaxx High Fidelity compared with AmpliTaq Gold. The significance of the results was confirmed by analysis of variance. The blend performed as well as, or better than, the alternative DNA polymerases used separately for all tested sample types. When used separately, the performance of the DNA polymerases varied depending on the nature of the sample. The superiority of the blend is discussed in terms of complementary effects and synergy between the DNA polymerase-buffer systems.
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The polymerase chain reaction (PCR) 1 is a powerful tool for quick analysis of minute DNA amounts [1] . However, the success rate of diagnostic PCR analysis is lowered by the presence of PCRinhibitory substances [2] , a problem especially prominent in forensic DNA analysis due to the often complex sampling environment at crime scenes [3] [4] [5] . Recently, we reported that 12% of volume crime saliva stains with adequate DNA amounts analyzed at our laboratory still produced negative DNA profiles due to the presence of inhibitors [6] . Failure to generate acceptable DNA profiles can have severe effects; for example, it can lead to cases being left unsolved or to wrongly accused people not being exculpated. AmpliTaq Gold has been the standard thermostable DNA polymerase for forensic DNA analysis worldwide since the advent of commercial DNA typing kits such as AmpFlSTR SGM Plus (Applied Biosystems, Foster City, CA, USA) and PowerPlex-16 (Promega, Madison, WI, USA). It is also an integrated part of the new AmpFlSTR NGM kit (Applied Biosystems). However, AmpliTaq Gold might not be the optimal choice for samples containing PCR inhibitors. In several studies, AmpliTaq Gold has shown lower tolerance to PCR-inhibitory substances compared with other DNA polymerases [7] [8] [9] [10] [11] . We have previously shown that short tandem repeat (STR) DNA analysis of complex crime scene samples can be improved by replacing AmpliTaq Gold with either of the alternative DNA polymerase-buffer systems Bio-X-Act Short (Bioline, London, UK), ExTaq Hot Start (TaKaRa Bio, Shiga, Japan), or PicoMaxx High Fidelity (Stratagene, La Jolla, CA, USA) [6] .
ExTaq Hot Start and PicoMaxx High Fidelity showed complementary abilities to amplify DNA in the presence of the various sample types tested; that is, one was more resistant to certain substances and vice versa. Theoretically, a blend of complementary DNA polymerases would provide inhibitor-tolerant amplification for a wider range of disturbing substances compared with either system used separately. In this study, we blended two alternative DNA polymerase-buffer systems and tested the performance of the blend on various real crime scene samples showing inhibition such as cigarette butts, chewing gum, and swabs from aluminum cans. Moreover, we investigated the possibility of synergy between the two systems, that is, whether the inhibitor tolerance of the blend is increased compared with either of the included DNA polymerases used separately.
Materials and methods

Samples
The DNA polymerase-buffer systems were evaluated using both pure 007 Standard DNA (0.1 ng/ll, Applied Biosystems) and real crime scene DNA extracts showing PCR inhibition. In total, 15 replicates of pure DNA were analyzed using AmpliTaq Gold (2.5 U), and 10 replicates were analyzed using each of the four alternative DNA polymerase-buffer systems. In addition, 42 problematic DNA extracts were selected from routine crime scene samples analyzed at the Swedish National Laboratory of Forensic Science (SKL, Linkö-ping, Sweden). The DNA concentrations in the selected samples were above the manufacturer's recommended limit for successful analysis (AmpFlSTR SGM Plus PCR Amplification Kit user's manual), ranging from 0.05 to 0.22 ng/ll, but they all had failed to produce complete DNA profiles using AmpliTaq Gold and the AmpFlSTR SGM Plus kit due to the presence of PCR-inhibitory substances. In total, 16 of the DNA extracts emanated from cigarette butts, 11 emanated from cotton swabs (SelefaTrade, Spånga, Sweden) (6 from aluminum cans, 3 from polyethylene terephthalate [PET] bottles, and 2 from foodstuffs), 10 emanated from moist snuff, and 5 emanated from chewing gum. For most samples, DNA extraction was performed using Chelex beads (Bio-Rad Laboratories, Hercules, CA, USA) [12] , with the addition of Centricon purification (Millipore, Billerica, MA, USA) [13] for visibly dirty samples. Phenolchloroform purification [14] was used on especially complicated samples. A complete list of which DNA extraction/purification method was used for each sample is provided in Table S2 of the Supplementary material. DNA quantification was performed using the Quantifiler Human kit (Quantifiler kit user's manual) on an ABI 7300 (Applied Biosystems). The Quantifiler kit includes an internal PCR control (IPC) for estimation of PCR inhibition. However, the IPC only flagged for inhibition in 14 of the 42 crime scene stains that were clearly inhibited in standard AmpFlSTR SGM Plus analysis (results not shown), strengthening the notion that the multiplex STR analysis is more sensitive to inhibitors than the Quantifiler assay [6] .
Multiplex STR analysis
The AmpFlSTR SGM Plus kit (Applied Biosystems) was used as a base for all analyses. Multiplex STR analysis was performed using the following DNA polymerase-buffer systems: AmpliTaq Gold (2.5 U [standard] or 5 U per reaction, modified Taq with hot start capability), ExTaq Hot Start (2.5 U per reaction, modified Taq with hot start capability) [15, 16] , PicoMaxx High Fidelity (2.5 U per reaction, a mixture of recombinant Taq and cloned Pfu polymerase, polymerases with hot start capability, also including a polymeraseenhancing factor protein) [17] [18] [19] [20] 15 ll of the final master mix was dispensed into PCR plate wells together with 10 ll of DNA template, giving a 25-ll reaction volume. All crime scene stain analyses were performed in duplicates. Thermal cycling was performed using the recommended PCR program (AmpFlSTR SGM Plus PCR Amplification Kit user's manual) on a GeneAmp PCR System 9700 (Applied Biosystems). A 3130xl Genetic Analyzer (Applied Biosystems) was used for fragment separation, and capillary electrophoresis (CE) data were analyzed using GeneMapper ID software (version 3.1, Applied Biosystems).
Comparison of DNA profile quality using FI
The previously described forensic DNA profile index (FI) [6, 21] was used to quantify the quality differences between DNA profiles generated by the different DNA polymerase-buffer systems. In short, the FI uses principal components analysis to create one single value describing the quality of an electropherogram/DNA profile based on three measures: (i) the total peak height (TPH) of the CE electropherogram, that is, the sum of the heights of all true allelic STR peaks observed in a DNA profile given in relative fluorescence units (RFU); (ii) the mean local balance (MLB, intralocus balance), that is, the mean of ratios between the two peaks within each heterozygous STR locus in an electropherogram; and (iii) the Shannon entropy (SH, interloci balance), that is, discrepancies between the sums of the peak heights of the different STR markers in an electropherogram. The FI values from analysis with the alternative DNA polymerase setups were compared with those obtained from standard AmpliTaq Gold analysis (2.5 U) of the same extract. The performance of the blend was also compared with each of the included DNA polymerase-buffer systems used separately. The pairwise comparison procedure used is described below.
The FI is assumed to have a lognormal probability distribution such that InðFI ij Þ $ Nðl i ; rÞ for observed sample j analyzed with DNA polymerase-buffer system i, where l i is the mean value obtained using DNA polymerase i and r is the measurement standard deviation common to all samples (irrespective of the DNA polymerase used). Ordinary pairwise comparisons of sample arithmetic means from analyses using different DNA polymerase-buffer systems are then replaced by comparisons of sample geometric means of the FI (FIgm), comparing the pairwise ratios of geometric means with a least significant ratio (LSR) computed as
wherer is a stable estimate of r from a calibration set of measurements [6] , z is the appropriate quantile of the normal distribution based on the number of comparisons made to reach the final conclusion (based on the family level of significance), and n 1 and n 2 are the numbers of replicate values for each DNA polymerase-buffer system. If the FIgm ratio surpasses the LSR for a certain sample, there is a significant difference in quality between the DNA profiles generated by the two DNA polymerase-buffer systems.
Here LSR was calculated based on a 10% significance level. For pure DNA, 10 replicates were analyzed using the alternative DNA polymerases and 15 were analyzed using AmpliTaq Gold, generating an LSR of 1.22 for a single comparison of one DNA polymerase with the standard. For comparisons between alternative DNA polymerases (10 replicates each), LSR became 1.24. For the real crime scene samples, two replicates were analyzed for each DNA polymerasebuffer system, giving an LSR of 1.62 for single comparisons.
The assumption that obtained FI values follow a lognormal distribution (i.e., that the logarithms of the FI show a constant error variance irrespective of the DNA polymerase and DNA sample) is based on the results from a calibration study [21] . The error variance shows stability and the obtained FI values show a rightskewed distribution that becomes symmetric when the natural logarithm is applied. However, no thorough investigation of other properties of this distribution, such as concordances with respect to properties of skewness and kurtosis, has been performed. The approximation of lognormality seems to be valid and does not violate achieved significances. This is supported in particular by the relatively modest level of significance (10%).
Results
STR analysis of pure DNA
When pure DNA was analyzed, all tested DNA polymerase-buffer systems produced complete, well-balanced DNA profiles with peak heights well above the detection limit for all analyses (see Table S1 in Supplementary material for a complete list of results). Only true allelic peaks and no problematic erroneous peaks were generated. The FI was used to quantify the quality of the generated electropherograms/DNA profiles [6] . Quality comparisons between the tested systems were performed by calculating and comparing FIgm values for the replicate analyses of pure DNA. The ExTaq Hot Start/PicoMaxx High Fidelity blend produced DNA profiles of significantly higher quality compared with standard AmpliTaq Gold (2.5 U), as confirmed by their respective FIgm values of 9.62 and 7.11 (FIgm ratio = 1.35, LSR = 1.22, 10% significance level). PicoMaxx High Fidelity produced an FIgm value of 8.16, ExTaq Hot Start produced a value of 7.09, and AmpliTaq Gold (5 U) produced a value of 7.77, all generating DNA profiles of indistinguishable quality compared with AmpliTaq Gold (2.5 U). The only significant difference between the alternative DNA polymerasebuffer systems themselves was between the blend and ExTaq Hot Start (FIgm ratio = 1.36, LSR = 1.24, 10% significance level).
STR analysis of crime scene saliva samples showing inhibition
The ExTaq Hot Start/PicoMaxx High Fidelity blend significantly improved the DNA profiles for 34 of 42 crime scene samples showing inhibition compared with AmpliTaq Gold (FIgm ratios over LSR = 1.62, 10% significance level) ( Table 1) . Using AmpliTaq Gold, 18 of the tested stains generated negative/blank DNA profiles or profiles with only one visible STR marker (FIgm from 0.05 to 0.13). For 16 of these, the blend generated complete DNA profiles with peak heights well above the detection limit (FIgm values from 1.2 to 13.1). The remaining 2 were significantly improved, although they produced partial DNA profiles (FIgm values = 0.65 and 0.87) ( Table 2 and Table S2 in Supplementary material).
ExTaq Hot Start and PicoMaxx High Fidelity used separately both performed considerably better than AmpliTaq Gold in total but showed complementary abilities to retain activity for different sample types (Figs. 1-4 Table S2 , samples 4, 10, 13, 14, and 16). However, for 5 of the 10 moist snuff samples, AmpliTaq Gold produced DNA profiles of significantly higher quality compared with PicoMaxx High Fidelity (FIgm ratios from 2.26 to 9.63, LSR = 1.62, 10% significance level), whereas the remaining 5 were indistinguishable. ExTaq Hot Start generated 10 nearly or totally complete DNA profiles (FIgm values from 0.94 to 15.54), all of which were of significantly higher quality compared with PicoMaxx High Fidelity (FIgm ratios from 1.63 to 31.14, LSR = 1.62, 10% significance level). The complementary effects of the systems were verified by the fact that, for all tested samples irrespective of sample type, the blend performed at least as well as the enzyme with the best performance of the two (Table 2 and Table S2 ).
In addition to complementary effects, the results indicated synergy between ExTaq Hot Start and PicoMaxx High Fidelity. For 6 especially complicated samples (3 cigarette butts, 1 swab from a PET bottle, 1 moist snuff sample, and 1 chewing gum sample), the blend produced DNA profiles of significantly higher quality compared with either of the two DNA polymerase-buffer systems used separately (FIgm ratios from 1.90 to 41.79, LSR = 1.62, 10% significance level) (see Figs. 1 and 3, Table 2, and Table S2 , samples 8, 13, 16, 25, 32, and 40). There was no case where a single alternative DNA polymerase performed significantly better than the blend.
Discussion
The design and use of DNA polymerase blends is an ingenious way of adding specific desirable properties to the PCR. Typically, a polymerase with 3' exonuclease activity is added to a Taq-mediated PCR, thereby increasing fidelity and enabling amplification of longer fragments [22] [23] [24] . Here we show that PCR inhibitor tolerance can be improved by blending two DNA polymerase-buffer systems. For analysis of ''inhibited" real crime scene samples from various sources, the ExTaq Hot Start/PicoMaxx High Fidelity blend outperformed the standard AmpliTaq Gold DNA polymerase as well as either ExTaq Hot Start or PicoMaxx High Fidelity used separately.
It is well known that different DNA polymerases have different abilities to retain polymerizing activity in various complex reaction environments, explained either by their different origins [7] [8] [9] [10] or Table 1 Improved DNA amplification of crime scene samples using alternative DNA polymerase-buffer systems. Note. The chosen samples showed PCR inhibition when analyzed with the standard amount of AmpliTaq Gold DNA polymerase (2.5 U). The number of significantly improved DNA profiles when compared with profiles from AmpliTaq Gold (2.5 U) analysis is shown. n represents the total number of analyzed samples of each type. Significant DNA profile quality improvement was defined as a ratio of forensic DNA profile index geometric means (FIgm) above a least significant ratio (LSR = 1.62, 10% significance level) (see Materials and methods).
by mutations [11] . In the current study, sample type had a notable impact on the performance of the two tested alternative DNA polymerases. Moreover, one of the systems performed well in the presence of samples that inactivated the other system; that is, the polymerases showed complementary inhibitor-resisting properties. Positive complementary effects were evident in the blend given that it performed as well as, or better than, the best performing DNA polymerases for all samples of all types, notwithstanding that only half of the amount of each polymerase was added compared with the single DNA polymerase reactions. Thus, the blend enabled DNA amplification in the presence of a broader spectrum of disturbing substances compared with each individual system (Figs. 1-4 , Table 2 , and Table S2 ).
The complementary effects of the DNA polymerase-buffer systems may be explained by the mechanism(s) of the inhibitor(s) present. Most characterized PCR inhibitors affect the DNA polymerase either directly by blocking the active site or inducing degradation or indirectly by affecting the reaction environment [25] . Certain inhibitory molecules may be able to block the active sites of some DNA polymerases but not others, leaving these polymerases unaffected. This may be the case for the complementary DNA polymerases used here. Furthermore, DNA polymerases may have different abilities to retain activity in different ion concentration ranges [8] . Humic and fulvic acids in soil are examples of inhibitors with DNA polymerase binding properties [26] , lactoferrin and heme in blood release iron ions [27] disturbing the ion Note. The samples were amplified in duplicate using five different DNA polymerase-buffer systems: standard AmpliTaq Gold (2.5 U), AmpliTaq Gold (5 U), ExTaq Hot Start (2.5 U), PicoMaxx High Fidelity (2.5 U), and a DNA polymerase blend containing equal amounts of ExTaq Hot Start and PicoMaxx High Fidelity (2.5 U in total). Three DNA profile quality measures-total peak height (TPH), mean local balance (MLB), and Shannon entropy (SH)-were used to calculate the forensic DNA profile index (FI). FI geometric means (FIgm) were calculated for the duplicate analyses (see Materials and methods). The ratio of the FIgm of an alternative DNA polymerase-buffer system to that of AmpliTaq Gold (2.5 U) should be at least 1.62 (LSR) for an improvement to be considered as significant. Electropherograms of the samples are presented in Figs. 1-4 . A complete list of results for all analyzed samples is provided in Table S2 of Supplementary material. a Negative/blank DNA profiles were given an MLB value of 0.42, the SH notation ''*" (not possible to calculate SH for negative profiles), and an FI value of 0.05, as described in Ref. [6] .
balance, and phytic acid in feces chelates magnesium ions [28] , a vital cofactor for DNA polymerases. In true crime scene stains, the inhibitor content is complex and generally unknown. When lacking the information needed to choose the most appropriate PCR chemistry for the sample in question, a DNA polymerase blend with complementary DNA polymerases may be beneficial. Some information on the inhibitory effects may be gained from studying the nature of the samples. Cigarettes and moist snuff are tobacco products but still seem to have quite different PCR-inhibitory effects judging from the discrepancies in amplification success using either ExTaq Hot Start or PicoMaxx High Fidelity (Figs. 1 and 3 ). For cigarettes, the paper around the filter is used for DNA extraction. The paper is made from cellulose, and wood components are known PCR inhibitors [29] . The combustion of tobacco releases thousands of chemical compounds possibly affecting PCR such as formaldehydes [30] and phenols [10] . Moist snuff contains pasteurized tobacco, sodium chloride, sodium carbonate, and propylene glycol. Salts releasing Na + ions could affect PCR [26, 31] . Glycols could provide a favorable environment for amplification [32, 33] , but if the concentration is too high they can inhibit the PCR [31] . Thus, ExTaq Hot Start may be better at resisting raw tobacco and PicoMaxx High Fidelity may be better at resisting its various combustion products. For moist snuff, doubling the amount of AmpliTaq Gold produced substantial improvements, showing that simply adding more DNA polymerase may help to overcome inhibition in some cases [34] . The good performance from increasing the amount of AmpliTaq Gold coincided with positive effects using ExTaq Hot Start. Conversely, the relatively poor performance of ExTaq Hot Start on cigarette butts and chewing gum coincided with minor positive effects using increased amounts of AmpliTaq Gold. Elevating the amount of AmpliTaq Gold to 7.5 and 10 U had no effect for 3 cigarette butt and chewing gum samples showing significant inhibition (Table S2, affected to a lesser extent. PicoMaxx High Fidelity shows distinct properties, being highly affected by moist snuff but not by cigarette butts and chewing gum.
The superior performance of the DNA polymerase blend compared with single DNA polymerases can be explained partly by complementary effects of the included DNA polymerase buffer systems. Two conditions need to be fulfilled if complementary effects are to be the only explanation. First, for a certain sample, the blend should not be able to produce DNA profiles of significantly higher quality compared with either of the systems used separately. The maximum performance of the blend would be equal to that of the best performing system. Second, for samples that generate negative DNA profiles using one of the DNA polymerase-buffer systems and complete DNA profiles using the other system as well as the blend, half the amount (1.25 U) of the best performing DNA polymerase should generate profiles of similar quality as the blend. This means that, because the blend is made up of 1.25 U of each polymerase, the only active part in the blend would be the DNA polymerase that retains activity when used separately.
The first statement is challenged by the fact that for six especially complicated samples, the blend generated DNA profiles of significantly higher quality compared with both ExTaq Hot Start and PicoMaxx High Fidelity used separately (see Figs. 1 and 3,  Table 2, and Table S2 , samples 8, 13, 16, 25, 32, and 40 ). This could not be a complementary effect but rather indicates synergy. To test the second statement, four samples that generated negative/nearly negative DNA profiles using ExTaq Hot Start and complete DNA profiles using either 2.5 U PicoMaxx High Fidelity or the blend were analyzed using 1.25 U of PicoMaxx High Fidelity. The blend generated higher FIgm values compared with 1.25 U PicoMaxx High Fidelity for all tested samples, indicating that ExTaq Hot Start, although inactive when used separately, retained some activity in the blend (FIgm ratios between 1.40 and 2.10) (Table S2, Synergy between DNA polymerase-buffer systems may have various explanations. One of the DNA polymerases may perform better in the initial cycles, creating a critical mass of product that the other polymerase can use as template to produce large amounts of amplicons. Buffer components may also be important in the sense that compounds present in the buffer system of one DNA polymerase may be beneficial for the activity of the other polymerase in the blend. The presence or absence of PCR facilitators is a well-known factor determining the amplification efficiency of DNA polymerases in general [35] , and several different compounds have been used to counteract PCR inhibition [25] . Examples of PCR facilitators that have been shown to increase inhibitor tolerance include proteins such as BSA [14, 26] and nonionic detergents such as Tween 20 and Triton X-100 [33, 36] . BSA is included in the AmpFlSTR reaction buffer used routinely with the AmpFlSTR SGM Plus kit (AmpFlSTR SGM Plus PCR Amplification Kit user's manual). To provide similar conditions for all tested DNA polymerases, BSA content was normalized in the reaction mixes of the alternative DNA polymerases. The content of the supplied PCR buffers is partly proprietary, implying that other PCR facilitators may be present. The PicoMaxx High Fidelity system contains a polymerase enhancement factor purified from Pyrococcus furiosus [19, 20] that may also stimulate ExTaq Hot Start.
Modifying the PCR chemistry by employing a blend of inhibitortolerant DNA polymerase-buffer systems significantly increased the quality of DNA profiles from crime scene samples showing PCR inhibition compared with standard AmpliTaq Gold. The blend performed better than the included alternative DNA polymerases used separately and also performed better than AmpliTaq Gold in increased amounts. The two DNA polymerase-buffer systems, ExTaq Hot Start and PicoMaxx High Fidelity, complemented each other given that one stayed active in an environment that inactivated the other. We also found evidence of synergy given that the performance of the two DNA polymerase-buffer systems used together was better than what would be expected from the results of each system used separately. To our knowledge, this is the first time that a DNA polymerase-buffer system blend has been designed to increase PCR inhibitor tolerance. The general approach may be applied in any scientific field using diagnostic PCR analysis. 
